This study demonstrates the efficiency of a new semi-active vibration control method validated using real-time hybrid simulation considering a single-degree-of-freedom system. The semi-active control method treated in this study is based on harmonically varying damping. Even if the input to the system doesn't contain the natural frequency of the system, it is possible to choose the frequency of the damping coefficient so that the response includes the natural frequency. As a result of this operation, resonance can be induced, with the phase and amplitude of the resonance adjustable through the damping parameters. Previous study proposed a new vibration control method to take advantage of harmonically varying damping. In the case that the excitation contains the natural frequency of the system, resonance is induced. At the same time, if the additional harmonic vibration induced by the variable damping is at the same frequency of the resonance yet anti-phase, the resonance can be reduced by interference. An expression for the variable damping controller has been developed in the case of an ideal variable damping device and control performance has been confirmed by numerical simulation. However, the control method does not directly apply to actual variable damping devices, because the control laws determine the ideal variable damping ratio, neglecting any nonlinearities of actual damping devices. In this study, the proposed theory has been modified to fit a magneto-rheological (MR) damper. Validation of the modification was performed experimentally using real-time hybrid simulation.
Introduction
Recent research by has demonstrated a new application of variable damping considering a single-degree-of-freedom system. The purpose of the method was not to decrease the amplitude of system vibration, as many researchers have sought to accomplish in the past (Karnopp et al., 1974; Gavin, 2001) , but rather to increase it. In the aforementioned study, the variable damping coefficient was harmonically varied. The force acting on the mass due to the ideal variable damper is equal to the product of the damping coefficient and the relative velocity between the base and the mass. As a result of this operation, the response contains new components that have modulated frequencies different from the input frequency. By varying the damping coefficient at a suitable frequency, one can generate new vibrations that contain arbitrary frequencies, amplitude, and phases. In other words, the variable damping device is not only an energy dissipation device, but also a frequency modulation device, i.e. new resonances can be generated in the system. These results have been verified through simulation and experiment by Iba et al. (2007) . This phenomenon was also investigated from a theoretical standpoint. The steady-state response was derived analytically and compared with the results obtained in numerical simulation to demonstrate the effectiveness of the proposed analysis method by .
Additionally, the previous study applied the concept of harmonically varying damping to achieve response control of a single-degree-of-freedom structure subjected to a primary sinusoidal base excitation. An ideal variable damper was used in conjunction with a secondary sinusoidal base excitation to reduce response due to the primary base excitation. If a primary sinusoidal base excitation contains the natural frequency of the system, resonance is induced. However, another resonance can be generated by the modulated component caused by the variable damping device and the secondary base excitation. The additional resonance is adjusted to be out of phase with the primary response, resulting in effective control of the structure. An expression for the variable damping controller has been developed for the ideal variable damping device, and control performance has been verified by numerical simulation. The simulation confirms that the control method is effective for reducing resonance response (Iba et al., 2010) .
However, the control method does not directly apply to actual variable damping devices, because the abovementioned control laws determine the ideal variable damping ratio, neglecting any nonlinearities of actual damping devices. In this study, the theory is modified to fit a magneto-rheological (MR) damper. Validation of the modification is performed experimentally using a small-scale MR damper. Moreover, because the validation study is focused specifically on the MR damper, testing of the entire structural system is not required. Real-time hybrid simulation is a very attractive method for the dynamic testing of structural systems, in which physical testing is combined with numerical simulation (Carrion and Spencer, 2007) . This technique facilitates the physical testing of the MR damper while modeling the rest of the structure numerically. Therefore, in this study the control performance of the modified controller is confirmed by real-time hybrid simulation. In particular, a comparison between the passive control system and the semi-active control system validates the modified controller design.
Harmonically Varying Damping
In this section, the effect of harmonically varying damping on structural response is explained along with some key simulation results to illustrate the phenomenon.
Base-Excited Model
In this study, a base-excited single-degree-of-freedom system is considered as shown in Fig. 1 . A mass is supported by a spring and a variable damper that are connected in parallel. The terms and are the absolute displacements of the mass and base, respectively.
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Here is the damping ratio and is represented as . The input-related terms are moved to the right-hand side of the equation. The damping ratio can be controlled by the use of controllable devices such as an MR damper (Spencer et al., 1997; Dyke et al., 1998) . Furthermore, the base displacement contains two sinusoidal components: is the disturbance and is the secondary base excitation. In this case, is expressed as follow.
(
where, and are the amplitudes of the input, and are the frequencies of the input, and and are the phases of the input.
Variable Damping Force
The effect of harmonically varying damping on the response of the single-degree-of-freedom structure represented by equation (1) is explained in this subsection. The parameters of the base-excitation of equation (2) are considered as , resulting in the following excitation.
Then, the controllable damping ratio is considered to vary harmonically with a frequency , to yield:
where is the amplitude, the phase, and the DC offset of the damping ratio. The parameters are chosen to meet the constraint . The damping force on the right-hand side of equation (1) is given as the product of the damping ratio and the input velocity, with the associated damping force becoming: (5) where is the frequency of the damping ratio and is the frequency of the velocity . From equation (5), the damping force is the sum of three sinusoidal waves with three different frequencies: the input frequency and two modulated frequencies . Therefore, by adjusting the frequency of the harmonically-varying damping, resonance can be induced even if the frequency of the input is not at the natural frequency of the structure (Iba et al., 2009).
Semi-Active Disturbance Cancellation Concept
This section proposes a new method for vibration control using the resonance phenomenon for harmonically varying damping that was described in the previous section. First, the expression for the harmonically varying damping controller is developed for the ideal variable damping device.
Disturbance from the Base
From equation (2), the disturbance component on the right-hand side of equation (5) is given by (6) where,
Controllable Damping Force through Variable Damping and Secondary Base-Input
In this section, the controllable damping force generated by harmonically varying damping combined with a secondary base excitation is considered. The velocity corresponding to is (8) Similar to equation (5), the harmonically varying damping force is obtained as (9) Where, the second term is extracted from the equation as follows.
In this study, the extracted damping force (10) is considered as the available control force. The third term of the equation (9) is also a candidate for the control force; however, both modulated damping forces cannot be specified simultaneously as the control force.
Condition for Cancellation of Input Effect
To cancel the response due to the base-input component of the excitation given by (6) (i.e., the disturbance ) using the control force given in equation (10), the following two condition are required: (i) matching both amplitudes and (ii) ensuring that the phases are apart. The following equations are required for achieving the amplitude and phase conditions, respectively.
For these conditions to be satisfied, the amplitude and phase of the harmonically varying damping can be determined as follows (13) (14)
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Parameter Extraction from the Estimated Value
If the state is estimated by using an observer (Iba et al., 2010) , the amplitude, phase and frequency can be calculated as follows (16) (17) (18) Using these estimated values, the desired damping ratio is derived from equation (13) and equation (14). However, in this paper, the frequency is known; therefore, its value is not estimated for simplification.
Evaluation of Semi-active Controller by Real-time Hybrid Simulation
In this section, the efficiency of a semi-active controller using the harmonically varying damping is validated using a MR damper as the variable damping device. The proposed control laws in the previous section determine the ideal variable damping ratio of the system, neglecting any nonlinearies of actual damping devices. However, because the actual variable damping device, the MR damper, has complicated nonlinear characteristics, the proposed control method does not directly apply to the system with the MR damper. In this paper, the MR damper is modeled numerically using a Bouc-Wen model, and the proposed theory is modified to fit the actual damper using the model. Furthermore, validation of this modification is performed experimentally using real-time hybrid simulation with a physical MR damper.
Experimental Structure
The test structure considered in this section is a single-degree-of-freedom base-isolation system which has a MR damper installed between the ground and the mass. The building is assumed to be equipped with an acceleration sensor at the mass to provide feedback for the control algorithm. Table 2 shows the numerical values of the structural parameters. In addition, Figure 2 shows a schematic of the structure system. The dynamic response of the structure is given by the following equation of motion.
(19)
where is the force generated by the MR damper.
MR Damper
The MR damper installed in the system is considered herein. Figure 3 shows the MR damper (model RD-1005 MR fluid damper manufactured by the Lord Corporation). The damper has a stroke of mm and generates forces up to about 3,000 N. Input current commands are supplied to the damper using an RD-1002 Wonder Box Device Controller from the Load Corporation, which uses a PWM amplifier to generate a current that is proportional to the applied voltage. 
Bouc-Wen Model
The model considered in this study is based on the Bouc-Wen model where the damper force is given by (20) where is a variable associated with the input voltage and described later. In addition, the evolutionary variable of the Bouc-Wen model is governed by (21) Table 3 . Specification of the structure Table 3 shows the numerical values of the Bouc-Wen model representing the MR damper. This paper refers to values identified by Carrion and Spencer (2007) .
The parameters and control the shape of the hysteretic loop. Similar to the model presented by Spencer et al. (1997) , the effects of changes in the voltage applied to the current driver are represented using the following expressions.
where is the output of a first-order filter introduced to model the dynamics of the MR damper (i.e. response time to input voltage) and is given by (23) where is the input voltage to the MR damper and is the inverse of the time constant of the first-order filter. Equations (22) are expressing that the coefficients of influence on the damper force have two properties, passive and semi-active.
Control Law for the MR Damper
In regard to the differences between the ideal variable damping ratio and the MR damper represented by the Bouc-Wen model, this section proposes a method for modifying the original control method using the harmonically varying damping to fit the actual MR damper. In the case of the MR damper modeled by Bouc-Wen model introduced above, the voltage to the damper has a first order lag as shown in equation (23). Moreover, the output voltage from the first order lag affects not only the damping coefficient but also the stiffness and the hysteresis characteristics (see equations (22)). However, for simplification this paper assumes that the input voltage does not have the first order lag and also only affects the damping coefficient. With these assumptions, an expression for a harmonically varying damping controller is developed for the MR damper below.
From equations (19), (20), and (22), the damping value including the structural damping coefficient while neglecting the first order lag is given by (24) From equation (24), is a time-invariant damping coefficient and is a coefficient representing the effect from the input voltage. If the time-invariant damping coefficient is taken as the average value of the total variable damping, then, the following expression is obtained.
(25)
The time-varying input voltage to the MR damper is represented by the following expression.
(26)
where and are the amplitude and frequency of the input voltage, and is the phase of the voltage. Then, using the relation in equations (4), (13) and (14) for the ideal variable damping devices, the input voltage is given by
The amplitude of the voltage is (28) However, equation (28) neglects the influence of and in equation (22). Therefore, a term is added to the equation for correction. Then, equation (28) is modified as followings.
(29)
In this paper, the value of the term is determined empirically.
is explained briefly. Hybrid testing has been developed as an experimental testing alternative for understanding how civil engineering structures respond to dynamic events, such as earthquakes and strong winds. The method is characterized by dividing the test structure into a physical component and a numerical model, and provides accurate and efficient testing of large and complex structural systems. Especially, since real-time hybrid simulation is applicable for structures with rate-dependent components，it is suitable to test a structure with an MR damper. In this framework, the dynamic response of the structure is calculated numerically, and then the restoring forces from the damper are obtained by applying the calculated displacements to the physical MR damper. Figure 4 shows the schematic of the testing system developed by Carrion and Spencer (2007) . The system consists of a hydraulic actuator (a double-ended hydraulic actuator manufactured by Nopak with a Schenck-Pegasus 132A two stage servo valve) controlled by a digital servo-controller (a Schenck-Pegasus 5910 digital servo-hydraulic controller), a displacement transducer (a Lucas-Schaevitz 10,000 DC-EC linear variable differential transformer) that measures the displacements imposed by the actuator and provides position feedback, a load cell (manufactured by Omega) to measure the force imposed by the actuator, a computer with a board for real-time control (a dSPACE DS1003), and digital-to-analog and analog-to-digital converters (a dSPACE DS2102 High-Resolution, 6-channel D/A Board and a dSPACE DS2002/DS2003 32-channel A/D Board). Control algorithms are implemented in Simulink/Matlab and then downloaded to the dSPACE processor using Real-time Workshop. 
Testing Conditions
Experiments are conducted on the numerical structure and the physical MR damper using sinusoidal input displacements through the real-time hybrid simulation system. The experiments are conducted with two values for the input frequency simultaneously applied to observe the effects on control performance; the first value is the natural frequency (0.662 Hz) and the second value is 3 Hz away from the natural frequency such that it is not inherently harmful to the system. The amplitudes of both sinusoidal components are the same, 2.032 mm.
The experiments are conducted on two passive control systems and the proposed semi-active control system. The two passive control systems are realized using MR damper as a passive device with a constant input voltage (2.5V and 5.0V).
Experimental Results
Test results are shown in Figures 5 through 8 . In these figures, comparisons between responses obtained from (a) the semi-active damping system and (b) passive damping system (constant input voltage 2.5V) are presented. The corrective term in equation (29) is set as . Figure 5 shows the time history of the base excitation containing the two input frequencies. Figure 6 shows the absolute displacement response. In this figure 6(b) , the amplitude of the passive system increases due to resonance caused by the input component at the natural frequency of the structure. However, as can be seen in Figure 6(a) , the response of the semi-actively controlled system has been improved significantly, i.e. the resulting response corresponding to the natural frequency of the system is clearly diminished compared to the response of the passive damping system in Figure 6 (b). Figure 7 shows the command voltage to the MR damper during the experiments. The frequency difference between the harmful input and the secondary input is 3 Hz which is also chosen as the frequency of the command voltage to the MR damper. The damping force of the MR damper is illustrated in Figure 8 . Comparing Figure 8 (a) with Figure 8 (b) shows that the maximum amplitude of the semi-active force is slightly larger than the amplitude of the passive damping force. Moreover, as a result of the harmonically varying damping coefficient, the damping force is superposition of several frequencies (e.g., 0.662, 2.388, 3.662, and 6.662 Hz); therefore, the time history is more complicated than other time histories. 
Frequency-Domain Analysis
Fourier transforms of the time domain responses are computed because the time history data alone does not provide sufficient comparison of responses containing multiple frequencies. Indeed, evaluation of control performance in regard to the high frequency responses is difficult to do from inspection of Figures 6(a) and 6(b). Figure 9(a) shows the frequency-domain results at the natural frequency and Figure 9 In these figures, the y-axis shows the output amplitude normalized by the input amplitude. In Fig. 9(a) , the response amplitude corresponding to V and V are 2.74 and 2.33 times the input amplitude, respectively; meanwhile the response amplitude corresponding to the semi-active system is 0.78 times the input amplitude. Since the purpose of the proposed controller is to reduce the resonance response, this goal is clearly achieved. On the other hand, Figure 9 (b) shows that the response with the low damping V has cut the input amplitude by 90%. While the performance of the high damping V at the 3.662 Hz is getting slightly worse with only a 88% reduction, the semi-active controller maintains the same performance as the low damping case at this frequency. In terms of the two passive controllers, there is a trade-off between response reduction at the low and high frequencies. However, the semi-active controller not only has significantly improved performance at the natural frequency but also nearly identical performance as the case with the low damping V at the higher frequency.
Conclusion
This study demonstrates the efficiency of a new semi-active vibration control method validated using real-time hybrid simulation. A single-degree-of-freedom structure subjected to sinusoidal base excitation was considered to illustrate the control theory. A variable damper was employed in conjunction with a secondary sinusoidal base excitation to achieve disturbance rejection, where the primary base excitation is considered as a disturbance to the system. In the case where the primary base excitation includes the natural frequency of the system, resonance occurs. However, if the additional harmonic response caused by the variable damping and the secondary base excitation is at the same frequency as the resonance and with opposite phase, the resonance can be reduced. An expression for the variable damping controller has been developed for an ideal variable damping device. However, the control method does not directly apply to actual variable damping devices, because the control laws determine the ideal variable damping ratio, neglecting any nonlinearies of actual damping devices. Thus, the original theory has been modified to fit a MR damper, which exhibits significant nonlinear properties. Validation of this modification 
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Vol. 6, No. 1, 2012 was performed experimentally using a real-time hybrid simulation framework. The experiment has shown that the proposed control method is effective for reducing resonance response. A comparison between the passive control system and the semi-active control system validates the proposed controller design. Although the performance of the proposed semi-active control significantly outperforms similar passive control, the conditions required to realize this performance are not present in every vibration control situation. Future work will extend this control design to areas such as mechanical vibration where the proposed control method can be most effectively employed. The proposed control method provides another viable option among the diverse possibilities for vibration control.
